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Open dumpsiteAbstract Very low frequency electromagnetic (VLF-EM), 2D Electrical Resistivity Profiling (2D
ERP) and Vertical Electrical Sounding (VES) methods of geophysics were deployed to map the
extent of leachate contamination in near-surface rocks around a popular reclaimed dumpsite in
north central Nigeria. Two years after abandon and waste excavation; the dumpsite was converted
to a residential area with over 80 houses under construction. Prior to waste dumping operation,
clay-seal was installed at 2 m depth around the dumpsite to prevent leachate from the waste mate-
rial flowing to the adjoining area. Results from VLF, 2D ERP, and VES show presence of leachate
contamination in rocks and soil of the reclaimed dumpsite. Leachate has spread laterally up to a
distance of about 1 km on the northern and southern parts of the dumpsite centre, and up to a
depth of about 20 m. Compared to the results of similar survey in an area outside the dumpsite,
leachate infiltration raised the conductivity signature of the rocks around the dumpsite by about
200%: from 7% to 22%. Both VLF-EM and 2D ERP show the presence of approximate north –
south oriented structures/fracture characterised by high conductivity. VES results show the pres-
ence of four – five geo-electric layers. Important conclusions from the study are that (i) leachate
is still present in the rocks and soil of the reclaimed dumpsite two years after the abandonment
and excavation of the waste materials, and (ii) the clay seal installed around the dumpsite could
not prevent leachate migration to the adjoining areas.
 2016 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Open dumpsite is a common method of waste disposal in
developing African countries. Some of these dumpsites are
sited within the metropolis. They are poorly constructed or
maintained, open to the air, and are unregulated. As air and
water from rain mix with the decomposed waste materials,
contaminants from the solid wastes are extracted into the
liquid phase to form leachate. The characteristics and volume
of leachate produced in a dumpsite depend on the composition
of the waste materials, availability of moisture, and the localng Saud
2 W.O. Raji, T.O. Adeoyetemperature conditions. Dumpsite leachate is the worst known
source of shallow groundwater aquifer contamination
(MacDonald et al., 2012). Depending on the topography,
hydrology condition, and the rock type within the locality, lea-
chates can travel several metres of vertical and horizontal dis-
tance, thereby polluting soil, rocks, surface water, and
groundwater (Bernstone et al., 2000).
Human dependence on groundwater is very high. Most
local communities in Africa source drinking water from indi-
vidually owned water wells; some of the wells are less than
5 m deep (Olasehinde and Raji, 2007; MacDonald et al.,
2012; Abubakar et al., 2014). Shallow aquifers are vulnerable
to leachate contamination. Consumption of leachate-polluted
water is a known source of gastrointestinal illness, reproduc-
tive problems and neurological disorder (WHO report, 2006)
especially in children and pregnant women. Study on
dumpsite-derived leachate is important for assessing the
impact of dumpsite on community health. Geophysical meth-
ods used for this study include Very Low Frequency Electro-
magnetics (VLF-EM), Electrical Resistivity Profiling (ERP),
and Soil Conductivity Test (SCT). Of all the geophysical meth-
ods, ERP is the most widely used geophysical method for
dumpsite evaluation because it is fast, reliable, affordable,
and non-destructive.
Rocks and soil are generally poor conductors of electric
current. Rock and soil infiltrated by leachate or contaminated
water may contain significant amount of dissolved ions that
can raise their conductivities from poor or moderate to
anomalous-high (Karlik and Kaya, 2001). Very Low Fre-
quency Electromagnetic (VLF-EM) and 2D Electrical Resis-
tivity Profiling (2D ERP) methods of geophysics are
particularly suited for contamination study. The methods have
been successfully used for dumpsites and landfill evaluation
studies, to map leachate flow around dumpsites, to study
groundwater contamination, and to characterise geo-electric
layers (Dodds and Ivic, 1988; Carpenter et al., 1991; Powers
et al., 1999; Bernstone et al., 2000; Karlik and Kaya, 2001;
Stanton and Schrader, 2001; Porsani et al., 2004; Ogilvy
et al., 2002; Olasehinde and Raji, 2007; Sundararajan et al.,
2007; Boudreat et al., 2010; Osinowo and Olayinka, 2012;
Ramalho et al., 2013; Naudet et al., 2014). Very low Frequency
Electromagnetic Method (VLF-EM) is a geophysical ground
probing techniques that utilises Very Low Frequency signals
(in the range of 10–30 KHz) normally used for submarine
and military communication. VLF-EM method relies on trans-
mitted currents inducing secondary responses in conductive
geologic units. While soils and rocks generally possess low to
moderate conductivity, high positive VLF-EM signatures are
expected of leachate contaminated rocks and soils.
Electrical resistivity method of geophysics is based on elec-
trolytic conduction, where current and potential electrodes are
coupled to the ground and connected to resistivity metre
through conducting wires (Dobrin, 1976; Burger et al., 1992).
The rule of thumb is that the farther apart the current elec-
trodes, the deeper the depth of penetration (Dobrin, 1976;
Zohdy, 1989). While moderate resistivity values are expected
in rock units saturated with fresh water, very low resistivity
values are diagnostic of the presence of dissolved ions proba-
bly derived from leachates (Santos et al., 2006). The aim of this
study is to map leachate contamination in soil and rock units
around the reclaimed dumpsite in order to know if the clay-
seal installed in the area was able to prevent leachate flow toPlease cite this article in press as: Raji, W.O., Adeoye, T.O. Geophysical mapping of
University – Science (2016), http://dx.doi.org/10.1016/j.jksus.2016.09.005the adjoining areas. In addition to mapping the contaminant
leachate, the study seeks to (i) investigate the vertical extent
of leachate migration with the objective of determining the
depth to ‘safe aquifers’ in the area, (ii) determine the number
of geo-electric layers, and (iii) estimate depth to fresh basement
rock2. The study area
The study area is an abandoned open dumpsite along Asa–
Dam Road, Ilorin metropolis, north central geo-political zone
of Nigeria. The study area is a part of Ilorin NW Sheet, lying
between longitude 4300E and 4380E and latitude 8270N and
8310N. Prior to its use as dumpsite about 12 years ago, vege-
tation covering the area was removed and the topsoil was exca-
vated to about 2 m depth. Part of the excavation depth was
filled with a clay-seal called bentonite (personal communica-
tion, 2016) to prevent leachate flow to the adjoin area. Ben-
tonite is a low permeability self-sealing clay that can provide
barrier to the free flow of fluid. The dumpsite was not engi-
neered, fenced, or covered. It received unknown quantity of
municipal wastes from various parts of the city, and industrial
wastes from paint, ceramics, detergent and cigarette companies
among others. During dry season, wastes in the dumpsite are
frequently burnt to reduce its volume. After about 10 years
of operation, the dumpsite was abandoned for two years.
Waste materials was excavated and moved to another dump-
site. The dumpsite has been converted to residential area with
over 80 housing units under construction. Field study and geo-
physical mapping took place in the year 2014, during dry sea-
son. Fig. 1 shows the geological map of Nigeria and the site
diagram of the study area.
2.1. Climate, topography, and drainage
Ilorin is situated in the transition zone between the forest and
the guinea savannah regions of Nigeria. It experiences two
major climatic seasons (i.e. rain and dry seasons). Its annual
rainfall varies between 1250 and 1500 mm, and its daily tem-
perature ranges from 20.5 C to 34 C with an average of
27 C (Ajibade, 2002). The rainy season is between April and
October while dry season occurs between November and
March. Drainage pattern is dendritic with Asa River being
the major river. Agba, Osere, Okun, Alalubosa, and Aluko
Rivers drain to River Asa, which flows in the south-northern
direction. Asa River in turn drains to River Niger
(Olasehinde, 1999). Topography is high and undulating.
2.2. Geological mapping, and hydrogeology of the area
The study area is a part of the basement terrain. It lies in the
Central Nigeria Geo-political Zone, between the south-
western boundary of the Precambrian crystalline rocks and
the north-central edge of the upper Cretaceous sediments of
Bida Basin. In the study area, crystalline rocks out crop spar-
sely in few places, and are in many places covered by the
poorly sorted medium-coarse grained sandstones. At shallow
subsurface, the crystalline rocks have been fractured and dis-
jointed by tectonic activities, and weathered by in situ chemical
weathering resulting from the prolong rock-water interaction.contaminant leachate around a reclaimed open dumpsite. Journal of King Saud
Figure 1 (a) Geological map of Nigeria. (b) Site map of the study area showing VLF profiles, 2D ERP profiles, VES stations, borehole
locations, and rock types in the study area.
Geophysical mapping of contaminant leachate around a reclaimed open dumpsite 3Rocks mapped in the area include Migmatite gneisses, Gran-
ites gneiss, banded gnesiss, quartzite and schist that have been
reworked and intruded by pegmatites and quartzites
(Oyawoye, 1964; Rahaman, 1976; McMurry and Wright,
1977; Jones, 1985; Annor et al., 1987). Some of the rocks
mapped in the area are shown in Fig. 2. Structural features
mapped on the rocks include, foliations and dip structures,
joints, and fractures. The profound fracture orientation isFigure 2 Some of the rocks mapped in the study area. Left-G
Please cite this article in press as: Raji, W.O., Adeoye, T.O. Geophysical mapping of
University – Science (2016), http://dx.doi.org/10.1016/j.jksus.2016.09.005approximately north-south. The rocks are dipping to the east
with angles ranging from 25 to 32.
In the basement complex of Nigeria, weathered rocks and
fracture basement rock form the groundwater aquifers because
they have high porosity and high transmissivity that aids
groundwater abstraction and recharge. Groundwater aquifers
occur in localised and disconnected aquifers system. Aquifer
recharge is through rainwater and river system. The aquifersranite gneiss, Right-Banded gneiss crosscut by pegmatite.
contaminant leachate around a reclaimed open dumpsite. Journal of King Saud
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Tijani, 1994; Olasehinde and Raji, 2007; Osinowo and
Olayinka, 2012). Shallow aquifers are susceptible to contami-
nation from dumpsite leachates. Aquifer types in the study
area are unconfined and semi-confined depending on the nat-
ure of the overburden material. Hydraulic communication
between aquifers at great depth is by secondary porosities cre-
ated by fractures and joints in the rocks. Groundwater flow in
the study area is aided by sloppy topography.
3. Geophysical data acquisition and processing
3.1. VLF data acquisition and processing
VLF-EM transmitter stations are available across the world.
They are primarily used for submarine communication to
transmit radio signal at frequencies that range from 10 KHz
to 30 KHz. VLF-EM field measurement for this study pro-
ceeded with the selection of a 15.8 KHz transmitter that pro-
vides a primary electromagnetic field that is north-south
oriented and approximately parallel to the strike of the rocks
in the study area. Conductive bodies at the study area provided
the secondary electromagnetic field that is shifted in phase to
the primary electromagnetic field. A WADI (ABEM) VLF
equipment is used to measure the vertical (HZ) and horizontal
(HX) component of the secondary electromagnetic field along
the established profiles at every 10 m. The Horizontal and ver-
tical components of the field are related by a scaler B, tipper,
defined as:
B ¼ HZ=HX:
B is the time lag between the primary and secondary electro-
magnetic fields (McNeill and Labson, 1991). B consists of real
and imaginary parts. Only the real part is used for geophysical
interpretation. The imaginary part is often corrupted with noise
and spurious data. The transmission station was not changed
throughout the field survey to avoid measurement errors.
There were five profiles on each side (north and south) of the
dumpsite centre, and two other profiles outside the dumpsite
area (Fig. 1). Profiles were oriented approximately east-west
direction. Profile length varies from 220 m to 450 m depending
on space availability as buildings in the area constitute obstruc-
tion to the VLF profile length. Only the real component of the
data is used for our study. The real component of the data is fil-
tered following the method of Fraiser (1966). Using the method
of Karous and Hjelt (1983), the filtered real component of the
data is used to compute current density pseudo-section for each
VLF profile. Computation and plotting of current density
pseudo-section is done with the aid of KHFILT inversion soft-
ware (Pirttijarvi, 2004).The inversionuses skindepthnormalisa-
tion that compensates for the effect of attenuation with depth.
Current density pseudo-sections inverted for the profiles in the
south and north of the dumpsite are shown in Figs. 3 and 4
respectively. Profile 1 is 300 m south of the dumpsite centre. Pro-
files 2, 3, and 4 are separated by 150 m while profile 5 is 250 m
fromprofile 4. Similarly, profile 6 is 300 m north of the dumpsite
Centre; profiles 7, 8, and 9 are separated by 150 m, while profile
10 is 250 from profile 9. The two profiles outside the dumpsite
were to serve the purpose of comparison to provide a basis for
VLF anomaly interpretation for the dumpsite area. The result
for the two profiles are shown later in this section.Please cite this article in press as: Raji, W.O., Adeoye, T.O. Geophysical mapping of
University – Science (2016), http://dx.doi.org/10.1016/j.jksus.2016.09.0053.2. Electrical resistivity data acquisition and processing
1D VES surveys were undertaken at predetermined locations
as shown in Fig. 1. The survey took place within the same
month of VLF measurement – after interpreting VLF results.
The objective of VES survey is to determine the number of
geo-electric layers, the depth to fresh basement rocks, and to
probe some conductivity structures observed in VLF results.
VES data were treated to attenuate noise and spurious data
using a code built in Matlab. The code uses four neighbouring
data filtering system. Then, the filtered data are plotted on bi-
logarithm paper as shown in Fig. 5. At first, the curves are
interpreted manually using master curves (Koefoed, 1979;
Orelana and Mooney, 1960) to obtain the geo-electric param-
eters of each layer. Then, filtered data were input to a resistiv-
ity inversion programme (Alex et al., 2002) for detailed
interpretation. The number of layers obtained from manual
interpretation is used to set the maximum and minimum layers
number for the inversion scheme. For an example, where 4 lay-
ers are interpreted for a VES curve, a minimum of three and
maximum of five layers are set for the VES inversion scheme.
The field data curve and theoretical curve converge after a few
iterations. The misfits range from 0.98% to 3.1%. The geo-
electric parameters interpreted from the results are presented
in Fig. 6a and b. The interpretation is guided by lithological
logs from boreholes in the area (Fig. 6c).
2D Electrical Resistivity Profiling (2D ERP) data were
acquired around the VLF profiles lines. The field equipment
consists of a SuperSting R8/IP terrameter, a multichannel
box, connecting wires, and 84 electrodes. The electrode system
consist of 12 channels with each channel having 7 electrodes,
the connecting wires have a total length of 840 m. To achieve
a dense survey with reasonable depth penetration, 3 m electrode
spacing was used with a Dipole-Dipole electrode configuration.
2DERP survey lines are shown in Fig. 1. Because of the unavail-
ability of the equipment and other logistic problems, 2D ERP
survey took place about five months after the VLF and 1D
VES surveys. 2D ERP lines could not be placed exactly on the
VLF profile lines due to the obstruction to electrode spreading
by the increased construction activities in the study area. How-
ever, we believe that the time difference in the surveys would not
constitute significant difference in the properties of the rock and
soil in the area since VLF, 1D VES and 2D ERP measurements
were taken before the onset of rainy season.
2D ERP data were processed to remove noise using the elim-
ination method. All the negative valued data points and the
spikes were eliminated. Spikes are the positive data points with
spurious values. Data inversion was done with the aid of
Res2DInv software by GEOTOMO using the least square
method. To achieve good resolution, the cell width of the inver-
sion routine is set to half the electrode spacing. This made the
number of computation grid points in the tomographic inver-
sion to be twice the number of electrode used. To reduce uncer-
tainties and non-uniqueness of the inversion results, knowledge
of the subsurface geology of the area from previous study is used
to guide the inversion process (Olayinka and Yaramanci, 2000)
assuming nearly horizontal stratigraphy. To emphasise the
boundary between the bedrock and weathered rock, robust
inversion was used (Loke and Barker, 1996). The resistivity
tomograms inverted for the profile data are shown in Figs. 7
and 8. The numbers of 2D ERP profiles are fewer than thosecontaminant leachate around a reclaimed open dumpsite. Journal of King Saud
Figure 3 Current density pseudo-section along VLF profiles 1–5 – from top to bottom (south of the dumpsite). Light colour represents
high current density (i.e., high conductivity); dark colour represents low current density (i.e., low conductivity). VES stations are indicated
on the profiles.
Geophysical mapping of contaminant leachate around a reclaimed open dumpsite 5of VLF because of the cost of renting the equipment and the
time taken to acquire data. The result of the 2D ERP acquired
outside the dumpsite is shown in Fig. 9a while the current den-
sity pseudo-section computed for the two VLF profiles outside
the dumpsite are shown in Fig. 9b.
4. Interpretation of results
4.1. Interpretation of Very Low Frequency Electromagnetic
(VLF-EM) results
According to the theory of electromagnetic conductivity, con-
ductive rocks at shallow subsurface are the secondary sources
of electromagnetic field. In the secondary magnetic field, the
primary electrical and magnetic fields are nearly vertical andPlease cite this article in press as: Raji, W.O., Adeoye, T.O. Geophysical mapping of
University – Science (2016), http://dx.doi.org/10.1016/j.jksus.2016.09.005horizontal respectively (Santos et al., 2006). Conductive body
at subsurface will allow high current density penetration, while
poorly conductive rocks will allow low current density penetra-
tion. Generally speaking, unconsolidated rocks are moderate
conductors; and crystalline rocks are poor conductors because
of their lack of porosity and absence of dissolved ions and
water. Leachate derived from dumpsite usually contains dis-
solved ions derived from the interaction of water (from rain)
with waste materials. The presence of leachate in rocks and soil
will raise the rocks’ conductivity above the background (i.e.,
low – moderate) values, leading to high positive current den-
sity anomaly. Qualitative interpretation of VLF data is based
on the methods of Fraiser (1966) and Karous and Hjelt
(1983). The Fraiser operator uses dynamic frequency band-
pass to attenuated noisy data and transform zero crossing tocontaminant leachate around a reclaimed open dumpsite. Journal of King Saud
Figure 4 Current density pseudo-section for VLF profiles 6–10 – from top to bottom (northern part of the dumpsite). Light colour
represents high current density/high conductivity; dark colour represents low current density/low conductivity. VES stations are indicated
on the profiles.
6 W.O. Raji, T.O. Adeoyepeaks, thereby yielding semi-qualitaive contourable data.
Karous-Hjelt operators transform the magnetic field associ-
ated with the current flow in conductive bodies to current den-
sity at the depth of the conductive body (rock) causing the
magnetic field to yield a 2D conductivity model (McNeill
and Labson, 1991; Beamish, 1994, 2000).
Places showing high positive current-density anomaly along
the VLF profiles (Figs. 3 and 4) are interpreted to be rocks/soil
infiltrated by leachate. Places with low negative - low positive
(7 < 0 < 7%) are interpreted to be rocks with low conduc-
tivity property. Places with high negative anomaly are inter-
preted to be crystalline rocks. Crystalline rocks are very
resistive because they lack porosity that will permit the infiltra-
tion of water or leachate. Concretion iron-stone were seen in
some places showing high negative current density at shallow
depth. Concretion iron-stone is a term used to describe a ‘hard
rock’ (of post Precambrian age) formed by iron oxides cement-
ing spaces between rock particles (Neuendorf, 2005). The iron
mineral in iron-stone can be limonite, haematite, or magnetite.Please cite this article in press as: Raji, W.O., Adeoye, T.O. Geophysical mapping of
University – Science (2016), http://dx.doi.org/10.1016/j.jksus.2016.09.005For ease of comparison, the starting point on profiles 3–5
and profiles 7–10 is equivalent to 100 m on profiles 1 and 6,
respectively. High positive anomaly is prominent in the north-
ern and southern parts of the dumpsite indicating lateral and
vertical spread of leachate from the waste to the subsurface.
In the southern part of the dumpsite, places with high positive
current density include 30 m – 100 m, 230 m – 340 m, 385–
430 m on profile 1, and 200 m – 250 m on profile 2. Other
places in the south with high positive anomaly include 215 m
– 250 m along profiles 3 and 4, and 175 m – 200 m on profile
5. In the northern part of the dumpsite, high positive anomaly
indicating intense leachate contamination is observed at 125 m
– 275 m on profile 6. The vicinity around 150 m – 200 m along
profiles 7, 8, and 9 also show high positive anomaly that
decrease in magnitude and size with distance from the centre
of the dumpsite. At profile 10, high positive anomaly has
reduced to background values indicating the absence of lea-
chate at shallow subsurface. Places showing high positive cur-
rent density are interpreted as soil and rocks infiltrated bycontaminant leachate around a reclaimed open dumpsite. Journal of King Saud
Figure 5 Log-log plots of vertical electrical sounding data for VES stations 1–10.
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show lower current density (Fig. 9b) than their corresponding
profiles within the dumpsite (Figs. 3 and 4). This suggests that
high current density is due to the presence of leachate.
4.2. Interpretation of vertical electrical sounding results
Interpretation of VES data shows that the study area is com-
posed of four – five geo-electric layers (Fig. 6a and b). VES
data from stations 1, 2, 3, 4, 6, 9, and 10 revealed five geo-
electric layers, while those of VES stations 5, 7, 8 show four
geo-electric layers. Based on the lithological logs from bore-
holes around the study area (Fig. 6c) and previous study
(Olasehinde and Raji, 2007), the five geo-electric layers are
interpreted as: top soil layer, lateritic layer, weathered rock
layer, fractured basement rock, and fresh basement rock. Top-
soil layer is absent in places interpreted for four geo-electric
layers. VES 1 and 2 are located on profile 1 at 300 m and
150 m respectively. They were meant to investigate the con-
trasting conductivity structures observed in the VLF-EM
results at the two points. The two VES stations show five
geo-electric layers. VES 2 shows progressive increase in resis-
tivity (or decrease in conductivity) with depth – 221 Xm,
276 Xm, 299 Xm, 466 Xm, and 718 Xm. VES 1 reveals progres-
sive decrease in resistivity for layers 1–4 except for the thinPlease cite this article in press as: Raji, W.O., Adeoye, T.O. Geophysical mapping of
University – Science (2016), http://dx.doi.org/10.1016/j.jksus.2016.09.005resistive layer 2–37 Xm, 99 Xm, 20 Xm, 15 Xm. The fifth layer
corresponds to the fresh basement rock with resistivity of
480 Xm. VES 1 and 2 show agreement with VLF interpreta-
tions for profile 1.
VES station 3 located on profile 3 was meant to probe the
contrast in the conductivity structure with depth at 100 m. The
VES interpretation shows two resistive layers underlain by two
conductive layers, and then, the high-resistive basement rock
(271 Xm – 442 Xm – 181 Xm – 92 Xm – 575 Xm). VES station
5 is meant to probe the conductivity structure observed at
225 m on profile 6. VES result shows four geo-electric layers.
The first three layers show successive reduction in resistivity
with depth (250 Xm, 82 Xm, and 29 Xm) while the fourth
layer–fresh basement rock shows high resistivity (646 Xm).
This result conforms to the conductivity trend observed in
VLF result. VES 6 is located on profile 8 at 150 m. This
VES result shows a resistivity pattern (271 Xm – 442 Xm –
181 Xm – 92 Xm – 575 Xm) that does not conform with the
conductivity structure seen in the VLF result.
4.3. Interpretation of 2D ERP results
2D ERP profiles were not directly placed on the VLF profile
lines because the increased construction activities obstructed
the profile lines previously established for the VLF survey.contaminant leachate around a reclaimed open dumpsite. Journal of King Saud
Figure 6 Schematic diagram of geo-electric parameters interpreted from VES stations around the dumpsite showing the different geo-
electric layers, thickness of each layers, and their resistivities. (a) Result of VESs 1–4 data from the south. (b) Results of VESs 5–10 data
from the North. (c) Lithological log for boreholes 1 and 2 in the study area.
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Figure 7 2D electrical resistivity tomograms for the ERP profiles 1, 2, and 3 in the southern section of the dumpsite.
Geophysical mapping of contaminant leachate around a reclaimed open dumpsite 92D ERP profile lines were chosen based on space availability.
Because of this, we exercised some level of cautions not to
compare ERP and VLF results directly – location-by-
location. 2D ERP tomograms are interpreted in terms of the
resistivity signature expected of contaminated soil and rocks
(Karlik and Kaya, 2001; Ogilvy et al., 2002; Porsani et al.,
2004; Boudreat et al., 2010; Ramalho et al., 2013; Naudet
et al., 2014), the geologic structures, and the depth to fresh
basement rocks. As shown in all the 2D ERP profiles (Figs. 7
and 8), the reclaimed dumpsite is characterised by very low
resistivities measuring 3 Xm - 60 Xm (or very high conductiv-
ity) at shallow depth very close to the ground surface. These
low resistivities are interpreted as signatures of leachate
derived from the waste materials dumped in the area. The
low resistivities could not be interpreted as groundwater
because the depth is too shallow and the resistivities are too
low. From the resistivity tomograms, low resistivity anomalies
are present in the south and the northern part of the dumpsite.
Similar to the observation in the VLF results, the resistivity
anomaly decreases with distance away from the centre of the
dumpsite. Generally, the resistivity pattern in the 2D ERP
tomograms is similar to the current density pattern observed
in the VLF–EM tomograms: leachate intensity is higher in
the southern part of the dumpsite than in the northern part.
The presence of leachate (low resistivities) at shallow depth
diminished at profile 3. This is similar to the observation in
VLF profile 5 (located close to 2D ERP profile 3) where highPlease cite this article in press as: Raji, W.O., Adeoye, T.O. Geophysical mapping of
University – Science (2016), http://dx.doi.org/10.1016/j.jksus.2016.09.005positive current density diminished. The north – south conduc-
tivity structures seen in VLF tomograms are also seen in some
places on the ERP tomograms. These structures suggest the
presence of a north-south oriented fractures in the area. Struc-
tures suggesting local pool of leachate in the northern part of
the dumpsite are consistent around the vicinity of 170 m on 2D
ERP tomograms for profiles 2, 3, 4 and 5. Except in few places,
high resistivity signatures suggesting the presence of basement
rocks (that are not permeable to leachate infiltration) dominate
depths greater than 25 m. Places where low resistivities are pre-
sent at a depth greater than 25 m are probably weathered rocks
saturated with water, or leachate-contaminated groundwater.
Comparing the 2D ERP profiles 1–6 within the dumpsite
(Figs. 7 and 8) to the profile 7 outside the dumpsite (Fig. 9a),
it’s noted, generally, that rocks outside the dumpsite are more
resistive than those within the dumpsite. This comparison
shows that the present of leachate in the reclaimed dumpsite
is responsible for the low resistivities measured in the area.
5. Discussion
VLF-EM and Electrical Resistivity Surveys were deployed to
measure the conductivity and resistivity properties of near-
surface rocks and soil around a reclaimed dumpsite. The aim
of this study is to map the leachate plume in the area to deter-
mine, whether or not, the clay seal was able to preventmigration
of leachate to the adjoining areas. The objectives of the studycontaminant leachate around a reclaimed open dumpsite. Journal of King Saud
Figure 8 2D electrical resistivity tomograms for the ERP profiles 4, 5, and 6 in the northern section of the dumpsite.
Figure 9 VLF and resistivity tomograms for the area outside the reclaimed dumpsite. (a) 2D electrical resistivity tomograms for the
profile 7. (b) VLF pseudo-section for profiles 11 and 12.
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Geophysical mapping of contaminant leachate around a reclaimed open dumpsite 11include determining: the depth of leachate penetration; the num-
ber of geo-electric layers, and depth to fresh basement rocks.
Data acquired from the area were subjected to processing,
modelling, and inversion. Results from VLF-EM, VES, and
2D ERP show strong agreement–indicating lateral and vertical
spread of leachate plume beyond the depth of the bentonite
clay-seal. Resistivity values obtained from the 2D ERP within
the reclaimed dumpsite is far lower than the resistivity values
obtained outside the reclaimed dumpsite. Similarly, the current
density value obtained by VLF-EM method in the reclaimed
dumpsite is far higher than values obtained outside the
reclaimed dumpsite. The highest positive current density
recorded outside the reclaimed dumpsite is about 7.0% while
the highest value recorded within the reclaimed dumpsite is
about 22.5%. From this observation, we inferred that leachate
from the dumpsite raised the current density of rocks and soil
in the area by about 200%. Both the VLF and 2D ERP profiles
(Figs. 3, 4, 7 and 8) show that leachate contamination is higher
in the southern part than in the northern part of the dumpsite.
This could be due to difference in topographic height– the
north being higher than the south, or the difference in the nat-
ure of the waste material dumped in the area.
Generally, leachate contamination decreases with distance
from the centre of the dumpsite. Both VLF profile 5 and
ERP 3 indicate absence of leachate contamination at shallow
subsurface at the far south of the dumpsite, while VLF Profile
10 and ERP profile 6 indicate the presence of leachate at shal-
low subsurface around the far north of the dumpsite. The pres-
ence of high current density and low resistivity at depth range
where groundwater aquifers are usually found in the basement
complex suggest that groundwater aquifers in the area have
been contaminated by leachate derived from the dumpsite.
Four to five geo-electric layers are interpreted for the area.
Based on borehole lithological logs (Fig. 6c) and previous
studies in the area, the five geo-electric layers are interpreted
as top-soil, lateritic layer, weathered rock layer, fractured base-
ment rocks, and the fresh basement rock. Typical of the base-
ment complex of Nigeria, the weathered rock layers and the
fractured basement rocks are interpreted as the aquifer units
in the area. The weathered layer measured very low resistivi-
ties, as low as 3.38 Xm, 5.58 Xm, and 7.52 Xm, in some places
(Figs. 7 and 8). These very low resistivity values in the weath-
ered zone suggest possible contamination of groundwater
aquifers by leachate plume. Given that groundwater aquifer
can be found at depth of about 5 m (or higher) in the basement
complex of Nigeria (e.g., Jones, 1985; MacDonald et al., 2012;
Abubakar et al., 2014) and the presence of leachate at this
depth range from this study area, we inferred that groundwater
in the area has been infiltrated by leachate. The estimated min-
imum depth to the fresh basement rock in the area is 13.97 m
from VES and 12.6 m from 2D ERP.
One of the following techniques is recommended for reme-
diating leachate contamination in the area: (i) pump-and-treat
technique, or (ii) co-treatment of leachate with sewage in
wastewater treatment plant. In pump-and-treat technique, lea-
chate in the soil will be flushed into wells and then pumped to
treatment plants where it will be treated to remove the toxic
components. In co-treatment technique, leachate from dump-
site will be channelled to underground sewage tanks built for
domestic or industrial wastewaters. The mixture of leachate
and wastewater is then piped to waste treatment plant for
treatment (Tsanis, 2006).Please cite this article in press as: Raji, W.O., Adeoye, T.O. Geophysical mapping of
University – Science (2016), http://dx.doi.org/10.1016/j.jksus.2016.09.0056. Conclusion
Important conclusions from this study are that (i) leachate
contamination is still present in the area after two years of
abandon and removal of the waste materials and (ii) the clay
seal installed around the dumpsite could not prevent leachate
migration to the adjourning area. There are strong agreements
in the results of VLF-EM, VES, and 2D ERP - indicating the
presence of leachate at depth below the clay seal. Compared to
the area outside the dumpsite, the resistivity values obtained
from the 2D ERP around the reclaimed dumpsite are far lower
than the resistivity values obtained outside the dumpsite. Sim-
ilarly, the current density value obtained around the reclaimed
dumpsite by VLF-EM study is far higher than those obtained
outside the dumpsite. The highest positive current density
recorded outside the dumpsite is about 7.0% while the highest
recorded around the reclaimed dumpsite is about 22.5%. From
these we also conclude that the presence of leachate raised the
conductivity, or reduced the resistivity of the soil and rocks
around the dumpsite. The presence of leachate at depth up
to 20 m compared to the 2 m depth where clay-seal was
installed shows that leachate has migrated across the clay-
seal. The clay-seal could not prevent leachate flow throughout
the lifetime of the dumpsite. This study is important for
groundwater exploration and groundwater quality control in
the area. Groundwater in the depth range of 20 m in the study
area is not safe for drinking except when treated. Remediation
of leachate contamination in the area can be achieved by either
pump-and–treat technique or co-treatment technique.
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